Germ layer specification and axial patterning in the embryonic development of the freshwater planarian Schmidtea polychroa  by Martín-Durán, José María et al.
Developmental Biology 340 (2010) 145–158
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyEvolution of Developmental Control Mechanisms
Germ layer speciﬁcation and axial patterning in the embryonic development of the
freshwater planarian Schmidtea polychroa
José María Martín-Durán a,⁎, Enrique Amaya b, Rafael Romero a
a Universitat de Barcelona, Departament de Genètica, Avda. Diagonal 645, E-08028 Barcelona, Spain
b The Healing Foundation Centre, Michael Smith Building, Faculty of Life Sciences, University of Manchester, Oxford Road, Manchester, M13 9PT, UK⁎ Corresponding author. Fax: +34 934 034420.
E-mail address: chemamartin@ub.edu (J.M. Martín-D
0012-1606/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.ydbio.2010.01.018a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 6 September 2009
Revised 15 January 2010
Accepted 15 January 2010
Available online 25 January 2010
Keywords:
Planarian
Embryo
Patterning
Gastrulation
Germ layers
Polarity
RegenerationAlthough patterning during regeneration in adult planarians has been studied extensively, very little is known
about how the initial planarian body plan arises during embryogenesis. Herein, we analyze the process of
embryo patterning in the species Schmidtea polychroa by comparing the expression of genes involved in the
establishment of the metazoan body plan. Planarians present a derived ectolecithic spiralian development
characterized by dispersed cleavage within a yolk syncytium and an early transient embryo capable of feeding
on the maternally supplied yolk cells. During this stage of development, we only found evidence of canonical
Wnt pathway,mostly associatedwith the development of its transient pharynx. At these stages, genes involved
in gastrulation (snail) and germ layer determination (foxA and twist) are speciﬁcally expressed in migrating
blastomeres and those giving rise to the temporary gut and pharyngeal muscle. After yolk ingestion, the
embryo expresses core components of the canonical Wnt pathway and the BMP pathway, suggesting that the
deﬁnitive axial identities are established late. These data support the division of planarian development into
two separate morphogenetic stages: a highly divergent gastrulation stage, which segregates the three germ
layers and establishes the primary organization of the feeding embryo; and subsequentmetamorphosis, based
on totipotent blastomeres, which establishes the deﬁnitive adult body plan using mechanisms that are similar
to those used during regeneration and homeostasis in the adult.urán).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The comparative study of animal morphology and development is
an essential and fruitful method for ascertaining the origin of meta-
zoans and for gaining insight into how their body plan has diversiﬁed
during evolution (Giribet, 2002; Martindale, 2005; Martindale and
Hejnol, 2009). During recent years the need to examine new taxa has
become evident, especially in those clades that have long been neg-
lected, to avoid the bias in the sample of characteristics represented
by the most common models (Bolker, 1995; Jenner and Wills, 2007).
In this respect, planarians exemplify the emergence of a completely
different developmental plan, based on an ectolecithic egg in which
oocytes and nutrients are segregated into different cell lineages. De-
spite this unique trait, difﬁculties in handling and modifying embryos
have hindered the use of planarians as an embryological system. Now-
adays, the sequencing of a planarian genome and the availability of
EST databases (Robb et al., 2008) as well as the increasing number
of methodological resources (Cardona et al., 2005b; Martín-Durán
et al., 2008) are making planarians an attractive system in which to
address primary questions in metazoan development and evolution,especially those derived from the comparison between embryology
and regeneration.
Notwithstanding their phylogenetic position as spiralians (sensu
Giribet, 2002), ectolecithy has moulded planarian embryology to the
extent that comparisons with the plesiomorphic spiralian plan seem
meaningless (Thomas, 1986; Galleni and Gremigni, 1989; Baguñà and
Boyer, 1990; Cardona et al., 2005a, 2006). In fact, the absence of a
recognizable cleavage pattern has led some authors to deﬁne the early
development of planarians as “blastomere anarchy”, as the blasto-
meres do not remain attached but lose their contacts and wander
around a yolk-derived syncytium (Seilern-Aspang, 1958). However,
having reached a certain number of cells, a recognizable organization
emerges: some blastomeres move to the periphery of the syncytium
and form a thin embryonic epidermis; others progress to one point
of the enclosed syncytium and differentiate into a provisory embry-
onic pharynx with a small blind gut, which will ingest and hold the
maternally supplied yolk cells inside the embryo; and ﬁnally, the rest
of the blastomeres remain in the syncytium, usually around its periph-
ery (Cardona et al., 2005a, 2006). Although this prompt emergence
of transient differentiated structures makes it extremely difﬁcult to
discern any sort of gastrulation or germ layer formation (Baguñà and
Boyer, 1990; Cardona et al., 2006), early work on planarian em-
bryogenesis defended the segregation of the blastomeres into germ
layers (Metschnikoff, 1883; Iijima, 1884; Hallez, 1887), especially into
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represented by the few blastomeres forming the blind embryonic gut
and delimiting the presumptive archenteron. Thus, the question still
remains as to whether early embryogenesis in planarians represents
the highly derived process commonly found during metazoan devel-
opment, or whether it is a completely new evolutionary invention.
Here, we examine this question against the background of current
developmental concepts and molecular data. In most animal taxa,
fertilization, and subsequent polar body extrusion, represent the ﬁrst
step in setting up an embryonic organization and determining the
animal–vegetal (AV) axis. This primary axis demarcates regions of
differential gene expression, triggering gastrulation and axial pattern-
ing. In recent years, the evolutionary study of conserved genes has
demonstrated the presence of a common genetic toolkit controlling all
these early embryonic events, which are required for the establish-
ment of the basic metazoan body plan (Technau and Scholz, 2003;
Martindale, 2005; Martindale and Hejnol, 2009). The study of adult
regeneration and homeostasis in the asexual biotype of the model
planarian species Schmidtea mediterranea has revealed a conserved
role of these genes in patterning the blastema and reestablishing the
missing body structures (Saló et al., 2009; Forsthoefel and Newmark,
2009). The canonical Wnt pathway, especially ßcatenin-1, and the
BMP pathway were found to be crucial in specifying anteroposterior
and dorsoventral identities, respectively, during regeneration and
homeostasis (Orii et al., 1998; Orii and Watanabe, 2007; Molina et al.,
2007; Reddien et al., 2007; Gurley et al., 2008; Petersen and Reddien,
2008; Iglesias et al., 2008).
In this study, we used the sexual planarian species Schmidtea
polychroa (Schmidt, 1861) to analyze the expression domains of core
components of the canonical Wnt pathway (ßcatenin-1, dishevelled,
WntP-1, and sFRP) and BMP pathway (bmp) during embryonic devel-
opment, as well as the expression of genes that are evolutionarily
related to gastrulation (snail), germ layer speciﬁcation and differen-
tiation (foxA, twist, and myosin heavy chain) and anterior–posterior
regionalization (hoxD). Our results show the presence of two separate
morphogenetic stages during planarian development: the ﬁrst,
extremely derived but still comparable to normal metazoan develop-
ment, leads to the organization of a transient embryo capable of feed-
ing on the maternally supplied yolk cells; and the second, much more
similar to adult planarian regeneration and homeostasis, leads to the
establishment of the deﬁnitive adult planarian body plan. On the basis
of these observations, we compare this divergent mode of develop-
ment with themore canonical development displayed by other spiral-
ians, putting forward a model for planarian embryogenesis that helps
to bridge the gap between embryonic development and regeneration
in these organisms.
Materials and methods
Animals and eggs
A population of S. polychroawasmaintained in the lab as described
elsewhere (Martín-Durán et al., 2008). Egg capsules were regularly
collected and ﬁxed with 4% formaldehyde in phosphate buffer saline
(PBS) for 4 h at 4 °C, and stored in 70% ethanol at−20 °C. To establish
the timing of development at 20 °C, cocoons were collected just after
deposition and kept in Petri dishes. Once at the desired time of devel-
opment, capsules were ﬁxed overnight at 4 °C in 4% formaldehyde
(Sigma) diluted in PBS, and then dissected under a stereomicroscope.
Histology and scanning electron microscopy (SEM)
Early stages and specimens for histological study were sectioned
as described in Cardona et al. (2005a), counterstained with Mallory's
solution (Sluys, 1989) and mounted in DPX mounting media (Fluka).
For SEM studies, egg capsules were left to develop until stage 2 or 3and prepared as described elsewhere (Martín-Durán et al., 2008).
Embryos were observed under a Stereoscan S-360 (Cambridge Scien-
tiﬁc Instruments Ltd.) scanning electron microscope, with an accele-
ration voltage of 10 kV.
Immunohistochemistry and phalloidin staining
Fixed egg capsules were rehydrated in PBT (PBS Triton X-100,
0.1%) and dissected under the stereomicroscope. After permeabiliza-
tion with PBT 0.3% (PBS Triton X-100, 0.3%) for 30 min, embryos were
blocked in 10% normal goat serum (NGS) in PBT 0.3% for 1 h. Samples
were then incubated overnight at 4 °C with primary antibody diluted
in 10% NGS. The stocks and dilutions used were: anti-acetylated tubu-
lin (Sigma), 1:2000; and, anti-phosphorylated histone H3 (Upstate),
1:5000. On the following day, embryos were washed in PBT 0.3%
(3×10 min) and incubated for 4 h at room temperature with the
secondary antibody diluted 1:100 in 10% NGS. When desired, rhoda-
mine–phalloidin (Molecular Probes) at a 1:100 dilution was added to
this step. Finally, samples were washed in PBT and mounted between
two coverslips in 50% glycerol with DAPI.
Identiﬁcation and cloning of S. polychroa genes
The developmental genes analyzed in this study were isolated
by the following strategies. Spol-ßcatenin-1, Spol-bmp, Spol-hoxD,
Spol-sFRP, Spol-dishevelled, Spol-myosin heavy chain and Spol-WntP-1
(NCBI accession numbers: GQ475289, GQ475290, GQ475292, GQ475294,
GQ475291, GQ478706, and GU269907 respectively) were cloned using
interspeciﬁc primers designed against the respective S. mediterranea
sequences. Spol-snail, Spol-foxA and Spol-twist (NCBI accession num-
bers: GQ475295, GQ475293, andGQ475296, respectively) were cloned
with primers designed against the predicted S. mediterranea genes.
Gene models were established through BLAST searches (http://ncbi.
nlm.nih.gov) and GenomeScan predictions (Yeh et al., 2001) over
genomic sequences. Full-length transcripts of Spol-snail and Spol-twist
were obtained by successive rounds of nested PCRusing a cDNA library
as the template. Genes were named as described elsewhere (Reddien
et al., 2008).
Whole-mount in situ hybridization (WMISH)
Fixed egg capsules were rehydrated in PBT and dissected under a
stereomicroscope (at least 30 egg capsules per in situ hybridization).
Only embryos from stage 2 to stage 8 were used, as at earlier stages
(stage 1 and early stage 2) the embryos are not sufﬁciently indepen-
dent from the external yolk cells to be isolated with good external
morphology. After dissection, embryos were permeabilized with pro-
teinase K (Sigma; 10 µg/ml in PBT for 5 min at room temperature) and
treated with triethanolamine (TEA, 0.1 M pH 7.6, Fluka; 2×5 min and
2×5 min following addition of 2.5 µl/ml of acetic anhydride without
changing the TEA solution) to block positive charges. Following a PBT
wash, embryos were post-ﬁxed in 4% formaldehyde in PBT for 20 min
at room temperature andwashed again in PBT (at least ﬁve changes of
5 min each). Pre-hybridization and hybridization steps were carried
out at 56 °C in a water bath. Antisense and sense digoxigenin-labelled
riboprobes were synthesized using a RNA in vitro transcription kit
(Takara), and column puriﬁed (Roche). Probes were then diluted to a
ﬁnal 1:100–1:200 ratio in hybridization solution. After hybridization,
probes were recovered and samples were washed at 56 °C (3×20 min
with 2× SSC; 2×20 min with 0.2× SSC). After two washes in maleic
buffer (MAB; 100 mMmaleic acid, 150 mMNaCl, 0.1% Tween 20, pH to
7.5 with NaOH) embryos were blocked for 2 h in blocking solution (1%
Blocking reagent (Roche) with 5% heat inactivated fetal calf serum
(Invitrogen)). Anti-digoxigenin AP conjugated antibody (Roche) at a
ﬁnal 1:2000dilution in blocking solutionwas incubated for 4 h at room
temperature. After overnight washes, samples were transferred to AP
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was visible. The reaction was stopped in MAB and embryos were
dehydrated and kept in 100% ethanol until the desired signal-to-noise
ratio was reached. After rehydration, embryos were ﬁxed in 4% for-
maldehyde in PBT and stored in glycerol:PBS, 1:1, at−20 °C.
Double ﬂuorescent in situ hybridization (DFISH) onwhole-mount embryos
Pre-hybridization, hybridization and washing steps were carried
out as detailed above. After blocking for 2 h in blocking solution at
room temperature, samples were incubated overnight at 4 °C with
antibody anti-DIG POD-conjugated (Roche) at a 1:400 dilution in
blocking solution. On the following day, embryos were washed in TNT
buffer (0.1 M Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20; 4×15 min
and 2×5 min) and the ﬁrst gene was developed using the TSA™, Plus
tetramethylrhodamine system (Perkin Elmer). For this purpose,
samples were pre-incubated for 15 min with 1/50 tetramethylrho-
damine tyramide in TNT buffer and then developed with 1/50
tyramide ﬂuorochrome in 1X Plus Ampliﬁcation Diluent for 2 h. Then,
samples were washed in TNT buffer (9×5 min) and the remaining
peroxidase activity was quenched by incubating for 10 min in 50%
formamide, 2× SSC and 0.1% Tween 20 at 56 °C. Subsequently,
embryos were blocked again for 1 h and incubated overnight at 4 °C
with antibody anti-ﬂuorescein POD-conjugated antibody (Roche) at a
1:400 dilution in blocking solution. Development of the second signal
was performed exactly as above, but using the TSA™, Plus ﬂuorescein
system (Perkin Elmer).
In situ hybridization (ISH) on parafﬁn sections
In situ hybridizations on parafﬁn sections of embryos at stages 1
and 2were carried out as previously described (Cardona et al., 2005b),
with slight modiﬁcations. Brieﬂy, permeabilization with proteinase K
was reduced to 15 min at room temperature (10 µg/ml, Sigma). After
hybridization, sections were washed three times in 2× SSC for 10 min
at 56 °C, and twice for 10 min in 0.2× SSC at 56 °C. Blocking, antibody
incubation and development were carried out as described for WISH.
Once the signal had developed, sections were ﬁxed in 4% formalde-
hyde for 20 min in PBS with DAPI, washed in PBS and mounted in 90%
glycerol in PBS.
Quantitative real-time PCR (qPCR)
Total RNA from egg capsules at ten different developmental times
was isolated using the TriZol reagent (Invitrogen). Following RQ1
DNase treatment (Promega), 1 µgof total RNAwasused as the template
for retrotranscription with MMLV Reverse Transcriptase (Promega)
and random hexamer primers (Promega). Elongation factor 2 was
selected as an internal positive control (Solana et al., 2009), and sam-
ples without reverse retrotranscriptase served as the negative con-
trol template. PCR reactions were performed using the SYBR® Green
RT-PCR kit (Applied Biosystems) and reactions were analyzed using
an ABI Prism® 7900HT (Applied Biosystems). Reactions were run in
triplicate and at least two different experiments were performed per
condition.
Imaging
Whole-mount embryos were observed under a Leica MZ16F
stereomicroscope. Images from representative organisms of each
experiment were captured with a ProgRes®C3 camera from Jenoptik.
Sections were observed under a Zeiss Axiophot microscope equipped
with a Leica DFC300FX camera. Fluorescent preparations were ob-
served under a Leica SPII and Leica TCS-SPE confocal microscope.
Imageswere analyzedwith Adobe Photoshop, Image J, VectorDesigner
and Helicon Focus software.Results
Timing of development in S. polychroa at 20 °C
Before initiating our study, it was necessary to establish a detailed
sequence of embryological events over time in order to deﬁne the
developmental stages obtained from the dissected embryos. For this
purpose, egg capsules at different times of development were dis-
sected, and embryos studied to verify their developmental stage
according to the systematization described by Cardona et al. (2005a).
Although capsules at the same time of development showed slight
variations in their developmental stage, as did the embryos inside the
same egg capsule, a consensus in the general timing was attempted
(Fig. 1A). At the moment of deposition, egg capsules were translucent
(Fig. 1B) and consisted of a disjointed aggregate of thousands of yolk
cells and several zygotes. This kind of organization was observed
during the ﬁrst 24–36 h (Fig. 1C). At this point, cleavage had already
started and the yolk cells surrounding the zygote and early blast-
omeres had started to fuse and form the yolk-derived syncytium
(stage 1) (data not shown). After 48 h, cleavage had ﬁnished and
blastomeres were dispersed within the syncytium, some of them
already differentiating into the organs present in the transient yolk-
feeding embryo: the embryonic epidermis and the embryonic pharynx
(early stage 2). By the third day, the transient embryo had developed
(late stage 2) and could easily be isolated from the mass of yolk
(Fig. 1D). It was during the third and the fourth days that the embryos
ingested the yolk contents (stage 3), thus growing in volume and
losing their original spherical shape. Depending on the number of
embryos in a single egg capsule, they could adopt either a discoidal
appearance, when there were one or two embryos, or a pyramidal
form, when there were three or more (Fig. 1E). During the fourth and
ﬁfth days, little shape remodeling was observed. However, high pro-
liferative activity was detected in the germ band between these
days (stage 4), as it was demonstrated by the enormous increase on
the number of cells positive for phosphorylated histone H3 (Fig. S1,
Supplementary data). After six days, embryos started to look dor-
soventrally ﬂattened and anteroposteriorly elongated, although the
embryonic pharynx was still present (stage 5). By the seventh day,
embryos displayed an obvious bilateral organization (Fig. 1F), without
signs of embryonic organs, but with the anlagen of the adult ones, like
the deﬁnitive pharynx primordium (stage 6). After 10 days, the typical
traits of planarian morphology were evident (Fig. 1G), although some
of the structures were clearly immature, such as the pharynx and eyes
(stage 7). On the twelfth day, embryos presented the morphological
traits of a juvenile, with a pigmented epidermis and mature eyes
(stage 8). Hatching started as early as the ﬁfteenth day, but there were
large differences between egg capsules.
Early embryonic morphology
Ectolecithy inﬂuences early development to such an extent that
S. polychroa embryos develop transient structures to take up the
maternal nutrients and continue development. As determined above,
this intermediate step occurs during the ﬁrst three days (stages 2
and 3) of embryogenesis, and implies the formation of a complex
embryonic organization with differentiated tissues (Fig. 2). At stage 2,
planarian embryos were rounded with a highly ciliated epidermis
(Fig. 2A). There was no sign of distinct areas within the epidermis,
like a ciliary band, and it was only interrupted where the embryonic
pharynx opened. This organ appeared like a circular opening sur-
rounded by a non-ciliated outer ring. This external band projected
from the surface of the embryo and had many microvilli, some of
them grouped into small clusters (Fig. 2B). According to Fulinski
(1938) and Le Moigne (1963) this oral opening is made of four cells
that are continuous with the epidermis. The ingestion of the yolk
content during stage 3 pushed the syncytial yolky mass of the embryo
Fig. 1. Timing of S. polychroa embryogenesis. (A) Summary of the most important developmental events regarding time and stage of development, based on Cardona et al. (2005a).
(B–G) Appearance of planarian eggs and embryos at different developmental times (indicated in each panel, in days). In E, the dashed line encircles the embryonic pharynx. In F and
G the anterior is to the left. dp, deﬁnitive pharynx. e, eyes. ec, egg capsule. ep, embryonic pharynx. s, stalk. Scale bars, 250 µm. (H) Schematic view of a planarian embryo at stage 1
(during yolk syncytium formation and dispersed cleavage), stage 2 (before yolk ingestion), stage 3 (after yolk swallowing), stage 5 (during the re-patterning process) and stage 7
(exhibiting the deﬁnitive adult morphology), depicting the global shape and traits. Drawings are not to scale.
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band (Figs. 2C and E). This thin layer was delimited externally by
the embryonic epidermis and internally by the ingested yolk, and
held inside dispersed blastomeres not differentiated into the tran-
sient structures of the yolk-feeding embryo. These blastomeres were
detected in parafﬁn sections as large isolated rounded cells, which
tended tomove towards the surface of the stage 2 embryo even before
the germ band was formed (Fig. 2D). In that way, the rapid ingestion
of the yolk mainly caused an increase in the size of the embryos and
the development of the thin outer germ band (Fig. 2E), but did not
drag these undifferentiated blastomeres towards the periphery. At
this point of development, the mature embryonic pharynx consisted
of a ﬁbrous muscular band around the inner duct, which was lined by
a few internal epidermal cells. At its most inner end, the embryonic
pharynx was connected with the sac ﬁlled with internalized yolk cells
by a tetrad of cells, which may act as a valve to avoid losing the yolk
once it has been ingested (Fig. 2F). The internal sac, or temporary
intestine, consisted of a few ﬂat cells that delimit the initial spherical
cavity in which the yolk will be gathered (see Fig. 5E). However, it was
extremely difﬁcult to observe this, as it seemed to be lost as soon
as the yolk started to be swallowed. Immunostaining with phalloidin
and acetylated tubulin of the embryonic pharynx (Fig. 2G) showed a
strongmuscular ring around its duct andmany delicate perpendicular
projections anchoring to the laterals of the pharynx. When looking at
the undifferentiated blastomeres that remain in the syncytium and
are later placed in the germ band, immunostaining with acetylated
tubulin demonstrated the presence of many ﬁlopodia-like projectionsin almost all of them, suggesting the active movement of these cells
within the syncytium and germ band (Fig. 2H).
Expression of anteroposterior determinants
To characterize the establishment of the anteroposterior (AP) axial
fates in the embryos of S. polychroa and determine how these prop-
erties may inﬂuence the development of the transient embryonic
organization and subsequent metamorphosis into a planarian juve-
nile, the genes ßcatenin-1, dishevelled, WntP-1, sFRP (all belonging to
the canonical Wnt pathway) and hoxD (anteroposterior regionalizing
gene) were partially cloned in S. polychroa. All of them presented high
similarity with their orthologous genes in the other planarian species
with available data (Table S1, Supplementary data). The canonical
Wnt pathway has been shown to mediate AP determination during
adult planarian regeneration and homeostasis (Gurley et al., 2008;
Petersen and Reddien, 2008, 2009; Iglesias et al., 2008; Adell et al.,
2009). We decided to characterize the expression of ßcatenin-1,
dishevelled, WntP-1 and sFRP because of their direct involvement
in allowing regeneration of the AP axis (in the case of ßcatenin-1,
dishevelled or WntP-1) as shown by RNAi experiments in adult pla-
narians (Gurley et al., 2008; Adell et al., 2009; Petersen and Reddien,
2009), or their asymmetric expression along this axis (in the case
of WntP-1, expressed only posteriorly, and sFRP, expressed mainly
anteriorly). In addition, hoxD is a gene that is only expressed in the
centro-posterior region of the AP axis (Iglesias et al., 2008) and it is
not involved in the canonical Wnt pathway. The analysis of their
Fig. 2. Embryonic morphology at stage 2 and stage 3. (A–C) Scanning electron microscopy (SEM) images of a stage 2 embryo (A), an embryonic pharynx (B) and the germ band in a
stage 3 embryo (C). In B, the dashed lines delimit the outer ring of the embryonic pharynx, and the black arrowheads indicate the clumps of microvilli. (D–F) Transmitted light
microscopy images of parafﬁn sections stainedwithMallory's solution of embryos at stage 2 (D), stage 3 after yolk ingestion (E), and a higher magniﬁcation of a functional embryonic
pharynx (F). In D, black arrowheads point to undifferentiated outlying blastomeres. In F, the asterisk marks the external opening of the embryonic pharynx, the black arrowheads the
internal epithelial cells that cover the duct of the pharynx and the black arrows the cells connecting the duct of the pharynx with the internal sac of ingested yolk. (G–H) Merged
z-projections of confocal planes ofwhole-mount embryos immunostainedwith acetylated tubulin and phalloidin, showing the embryonic pharynx (G) and the blastomeres (in green)
in the germband (H). In both panels, nuclei are inmagenta. Those not belonging to blastomeres arematernal yolk nuclei. In H,white arrowheads indicate the numerous ﬁlopodial-like
projections present in the blastomeres located in the germband. (I) Diagramdepicting the basicmorphological features of the embryonic pharynx at the end of stage 2 and during yolk
ingestion (based on Mattiesen, 1904). Drawing is not to scale. ee, embryonic epidermis. ep, embryonic pharynx. epo, embryonic pharynx opening. epp, embryonic pharynx
primordium. gb, germ band. ic, internal cells, mp, muscular pharynx. ti, temporary intestine. yc, yolk cells. ys, yolk syncytium. Scale bars, A, D and E, 100 µm; B–C, F–H, 25 µm.
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formed initially by whole-mount in situ hybridization (WMISH).
Spol-ßcatenin-1wasexpressed fromstage2 to the juvenile (stage8).
In the yolk-feeding embryo (day 3), Spol-ßcatenin-1 transcripts were
only detected in the embryonic pharynx, as a strong spot in the cells of
the pharynx opening (Fig. 3A). During stage 3 and early stage 4 (days
4–5), expression decreased, but in stage 5 embryos (days 6–7), the
signal was strongly localized in the germ band (Fig. 3B). Despite the
clumpy look, vibratome sections of whole-mount stained embryos
demonstrated a ubiquitous expression in the germ band, and the ab-
sence of signal in the degenerating embryonic pharynx (data not
shown). From this point onwards, Spol-ßcatenin-1 continued to be
detected ubiquitously, and by stage 7 (day 10) embryos displayed
the same expression pattern as that found in the adult (Gurley et al.,
2008; Petersen and Reddien, 2008; Iglesias et al., 2008), that is, wide-
spread expression in the parenchyma (the cellular tissue lying be-tween the epidermis and the internal organs) and the nervous system
(Fig. 3C).
The expression analysis of the dishevelled gene identiﬁed in
S. polychroa revealed that it was expressed from stage 2 to stage 8.
At stage 2, Spol-dvl showed strong expression in the embryonic
pharynx, but also a weak signal in the outlying blastomeres (Fig. 3D).
The expression in the embryonic pharynx seemed to be mainly
localized in the external ring that surrounds the opening. Unlike Spol-
ßcatenin-1, Spol-dvlwas detected during stages 3 and 4 in the outlying
blastomeres, which in these stages were placed in the recently formed
germ band (data not shown). At stage 5, its expression in the germ
band became more widespread (Fig. 3E), but clumpy, depending on
how thin the germ band was due to the displacement of this structure
by the ingested yolk. During the formation of the deﬁnitive organs,
Spol-dvl was ubiquitously detected, both in the parenchyma and the
nervous system (Fig. 3F), as observed in the adults (Gurley et al., 2008;
Fig. 3. Developmental expression of genes involved in the AP and DV patterning of the adult planarian. (A–R) WMISH of Spol-ßcatenin-1, Spol-dishevelled, Spol-WntP-1, Spol-sFRP,
Spol-HoxD and Spol-bmp in the yolk-feeding embryo (stage 2), at mid-development (stage 5) and just before hatching (stage 7). On the right, diagrams representing the changes in
the expression of each gene during development. Drawings are not to scale. In all the panels of stage 7, anterior to the left. In all the panels of stage 2 and B, E, H and Q, the dashed line
encircles the embryonic pharynx. In C and F, black arrowheads indicate the two longitudinal ventral nerve cords, positive for Spol-ßcatenin-1 and Spol-dishevelled respectively. In D,
black arrowheads point to several outlying blastomeres, which together with the signal detected in the embryonic pharynx, represent the localization of Spol-dishevelled at stage 2.
In I, the few dorso-posterior cells positive to Spol-WntP-1 are depicted by the black arrowhead. In Q, the small number of cells opposite the embryonic pharynx and expressing Spol-
bmp are indicated by a black arrowhead. dp, deﬁnitive pharynx. e, eyes. ep, embryonic pharynx. Scale bars, 250 µm in all panels.
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the expression of Spol-ßcatenin-1 described above.
To support the presence of the canonicalWnt signaling during both
early and mid-late development, the expression of one out of the nine
Wnt ligands present in planarians was studied. We chose to clone the
gene that is orthologous to Smed-WntP-1 since it is only expressed in a
small cluster of cells in the posterior tip of adult planarians and it isrequired for proper AP axis regeneration (Petersen and Reddien, 2008,
2009; Adell et al., 2009). Spol-WntP-1was detected at stage 2 and from
stage 6 to the end of development. In the yolk-feeding embryo, Spol-
WntP-1 was localized in the outlying blastomeres, but it was not
detected in the embryonic pharynx (Fig. 3G). Although not detected at
stage 5 (Fig. 3H), it was clearly expressed in a small cluster of cells at
the posterior deﬁnitive tip of the juvenile at stage 7 (Fig. 3I).
151J.M. Martín-Durán et al. / Developmental Biology 340 (2010) 145–158The secreted frizzled-related protein (sFRP) gene in S. polychroawas
studied as a marker of the anterior tip (Gurley et al., 2008; Petersen
and Reddien, 2008). Spol-sFRP was detected from stage 2 to the
hatching embryo. In the yolk-feeding embryo, Spol-sFRPwas localized
in the outlying blastomeres (Fig. 3J), but was absent from the em-
bryonic pharynx. This expression was maintained during stage 3 and
stage 4 (data not shown). However, at stage 5, Spol-sFRPwas detected
in discrete cells of the germ band on the opposite side to the de-
generating embryonic pharynx (Fig. 3K). This asymmetric distribution
was observed until the end of development, when Spol-sFRP was
expressed in the anterior tip and in the deﬁnitive pharynx in the
hatching embryo (Fig. 3L).
Finally, WMISH analysis of Spol-hoxD did not reveal expression
during early (Fig. 3M) and mid-development (Fig. 3N). Spol-hoxD
transcripts started to be detected at early stage 6, in a stripe of cells on
the side of the embryo containing the deﬁnitive pharynx (data not
shown). As the posterior tip of the embryo developed, the pattern
spread from the deﬁnitive pharynx to the posterior end (Fig. 3O),
becoming similar to that observed in the adult (Iglesias et al., 2008).
Together, these data suggest that the AP axis as deﬁned in the adult
planarian is established by about stage 5, after yolk ingestion and
proliferation of the blastomeres in the germ band. Considering only
the expression of the components of the canonical Wnt pathway, the
data suggest that this signaling cascade acts on both the organization
of the yolk-feeding embryo and the deﬁnitive juvenile, though its role
during early development remains unclear.
Expression of Spol-bmp
To determine whether the speciﬁcation of the dorsoventral (DV)
identities occurs in a similar way as the establishment of the AP axis,
thus supporting the idea of a late onset of the deﬁnitive axial pattern-
ing during S. polychroa development, a partial fragment of the dorsal
inducer and marker bmp (Orii et al., 1998; Orii and Watanabe, 2007;
Molina et al., 2007; Reddien et al., 2007) was cloned in S. polychroa
(Table S1, Supplementary data) and analyzed by WMISH. Spol-bmp
was not detected in the yolk-feeding embryo (Fig. 3P), and it was only
at stage 5 when its expression started to be detected in a small cluster
of cells opposite the embryonic pharynx (Fig. 3Q). As the deﬁnitive
embryo developed, the expression spread dorsally and became re-
stricted to the dorsal midline (Fig. 3R).
To demonstrate the absence or low level of expression of bmp
during early development, a quantitative real-time PCR (qPCR) ex-
pression proﬁle was performed during S. polychroa development.
In addition, Spol-ßcatenin-1 (a developmental gene that is detected
throughout development), Spol-hoxD (an AP gene that is only detected
during mid-late development, like Spol-bmp) and Spol-elongation
factor 2 (a positive control gene that is not directly associated with
development) were analyzed (Fig. S2, Supplementary data). Con-
sidering Spol-bmp alone, the experiment demonstrated the absence
of transcription during early development, and the onset of transcrip-
tion at stage 6 (Fig. S2C). The differences between WMISH and qPCR
in identifying the start of expression of Spol-bmp were due to slight
differences in staging, since in the qPCR experiment the point before
stage 6 was taken on the ﬁfth day, which corresponds to a late stage 4
or very early stage 5, at which point Spol-bmp is not detected by
WMISH either. The expression proﬁle of Spol-hoxD (Fig. S2D) revealed
that it was expressed at levels likely detectable by ISH just after de-
position and during the ﬁrst day of development. Unfortunately, these
stages were too early to dissect embryos forWMISH or ISH on parafﬁn
sections. When all the analyzed genes were considered together, the
experiment demonstrated that for both the genes involved in devel-
opment and the gene that theoretically does not depend on the stage
of development, like Spol-EF2 (Fig. S2A), the stages at which the yolk-
feeding embryo is fully developed and ingests the yolk showed the
minimum expression levels. The presence of these two distinct phasesin gene expression during the development of S. polychroa reinforced
the idea of dividing its development into two different stages, namely
the organization of a yolk-feeding embryo and its subsequent re-
patterning into a deﬁnitive juvenile.
Expression of Spol-ßcatenin-1, Spol-dvl, Spol-WntP-1 and Spol-sFRP during
stages 1 and 2
Since the canonical Wnt pathway was demonstrated to be present
during primary embryonic patterning, we decided to study the ex-
pression of Spol-ßcatenin-1, Spol-dvl, Spol-WntP-1 and Spol-sFRP in
more detail during stage 1 (cleavage) and stage 2 by means of ISH
on parafﬁn sections (Fig. 5). Spol-ßcatenin-1 was detected in cleaving
blastomeres (Fig. 5A), but as the yolk-feeding embryo developed,
positive cells became restricted to the embryonic pharynx primordi-
um (data not shown) and the embryonic pharynx and the temporary
intestine (Fig. 5E). The expression in the embryonic pharynx was
widespread, being localized in the internal epidermis, the muscular
pharynx and the cells connecting the pharynx with the intestine.
Spol-dvl was also detected during cleavage (Fig. 5B). Moreover, ex-
pression analysis on sections of stage 2 embryos demonstrated ex-
pression both in the outlying blastomeres and in the embryonic
pharynx (Fig. 5F). Again, the expression in the latter was widespread
and present in all its different parts. Spol-WntP-1 did not show ex-
pression during cleavage (Fig. 5C), but outlying Spol-WntP-1 positive
blastomeres were detected in stage 2 embryos (Fig. 5G). Finally, Spol-
sFRPwas detected during cleavage, but only in a subset of blastomeres
(Fig. 5D). By stage 2, as in whole-mount embryos, positive cells were
localized in the periphery of the embryo (Fig. 5H), and no signal was
detected in the embryonic pharynx. Thus, the expression analysis of
these components of the canonical Wnt pathway by ISH on parafﬁn
sections corroborated the expression observed by WMISH, extended
the expressionof Spol-ßcatenin-1, Spol-dvl and Spol-sFRP to early cleav-
age and conﬁrmed the co-localization of Spol-ßcatenin-1 and Spol-dvl
in the embryonic pharynx.
Expression of germ layer-associated genes: Spol-foxA, Spol-snail,
Spol-twist and Spol-mhc
To further investigate how the transient yolk-feeding embryo was
organized and the molecular mechanisms that might be controlling
this early embryonic event, in coordination with the canonical Wnt
pathway, we decided to study the expression of genes with conserved
roles in germ layer determination and differentiation. For this pur-
pose, a partial sequence of the orthologous gene to foxA and myosin
heavy chain (Table S1, Supplementary data) and the full-length tran-
scripts of the twist and snail genes were cloned in S. polychroa. The
analysis of their expression during planarian development was
carried out initially by WMISH.
The foxA gene belongs to the large family of Fox (“Fork-head box”)
transcription factors and is considered to play an evolutionarily
conserved role in gut development and regionalization throughout
metazoans (Technau and Scholz, 2003). Expression of Spol-foxA was
observed in planarian embryos from stage 2 to stage 8. In the yolk-
feeding embryo, Spol-foxA was localized deep within the embryonic
pharynx (Fig. 5A), suggesting an expression in its innermost cells, that
is, the pharynx epithelium and the cells connecting the pharynx with
the transient intestine. Soon after the ingestion of the yolk (stage 3),
one or two outlying blastomeres, now located in the germ band,
expressed Spol-foxA (Fig. S4A, Supplementary data) and by stage 4
the number of positive cells had increased, as proliferation took
placed in the germ band (data not shown). However, at stage 5 the
expression was speciﬁcally detected in cells around the degenera-
tive embryonic pharynx and beneath this organ, in the presumptive
deﬁnitive pharynx primordium (Fig. 5B). From this stage onwards,
Spol-foxA was detected in the deﬁnitive pharynx and in cells
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late expression pattern reminded the one described for adult intact
and regenerating planarians (Koinuma et al., 2000).
The transcription factor snail encodes a C2H2 zinc ﬁnger protein,
which is evolutionarily related to cell motility, and, in particular, to
cell movements during gastrulation in spiralians (Goldstein et al.,
2001; Lespinet et al., 2002; Dill et al. 2007; Kerner et al., 2009). Of the
two predicted genes in the S. mediterranea genome, only one was
identiﬁed in S. polychroa, and its orthology was conﬁrmed by phylo-
genetic analysis (Fig. S3A, Supplementary data). Spol-snail was de-
tected from stage 2 to stage 8 in S. polychroa. At stage 2, Spol-snailwas
detected in the outlying blastomeres (Fig. 5D), and it was completely
absent from the embryonic pharynx. Expression in the blastomeres
wandering around the syncytium and the germ band continued
during stages 3 and 4 (Fig. S4B, Supplementary data). By stage 5, and
because the number of cells in the germ band had dramatically in-
creased, Spol-snailwas detected in small clumps of cells (Fig. 5E), in a
fashion reminiscent of the pattern exhibited by Spol-ßcatenin-1 and
Spol-dvl, which might indicate general expression throughout the
germ band. Nevertheless, at the ﬁnal stages Spol-snail was detected
in scattered cells in the parenchyma and in the deﬁnitive pharynx
(Fig. 5F). This diffuse pattern did not appear to be associated with any
speciﬁc adult organ, except for the pharynx.
The bHLH (“basic Helix–Loop–Helix”) transcription factor twist
plays an evolutionarily conserved role in mesoderm patterning and
muscle development throughout metazoans (Nederbragt et al., 2002;
Technau and Scholz, 2003; Dill et al., 2007). A single member was
identiﬁed in S. polychroa, and its orthology was conﬁrmed by phylo-
genetic analysis (Fig. S3B, Supplementary data). Unlike Spol-foxA
and Spol-snail, Spol-twist was detected in stage 2 embryos and from
stage 5 onwards. In the yolk-feeding embryo, Spol-twist was strongly
localized in the outer ring of the embryonic pharynx (Fig. 5G), which
corresponds histologically with the muscular pharynx. At stage 5,
Spol-twist presented two distinct localizations: one more internal,
which corresponded with the early deﬁnitive pharynx anlage; and
one more external, in scattered cells in the germ band, mainly around
the deﬁnitive pharynx primordium, but also further away (Fig. 5H).
This dual pattern was maintained until the end of development
(Fig. 5I), though the scattered superﬁcial cells further away from the
pharynx became less abundant.
Finally, the expression of the muscle-speciﬁc gene myosin heavy
chain was analyzed. Similarly to Spol-twist, Spol-mhc presented two
distinct phases of expression during S. polychroa development. By
stage 2, Spol-mhcwas only detected in the outer ring of the embryonic
pharynx (Fig. 5J), in accordance with its muscular nature. Expression
was not detected until stage 5, when it was apparent in the deﬁnitive
pharynx anlage and the differentiating muscle ﬁbers (Fig. 5K). This
pattern was also observed during hatching (Fig. 5L), but a strong
signal was detected in the parenchyma, corresponding to the fully
developed longitudinal, oblique and transversal muscle ﬁbers.
Expression of germ layer-associated genes during early stages and
complementary expression of Spol-foxA and Spol-twist
To further characterize the exact expression of the germ layer-
associated genes during the early stages and determine their possible
role during the development of the yolk-feeding embryo, Spol-foxA,
Spol-snail, Spol-twist and Spol-mhc were analyzed by ISH on parafﬁn
sections. Spol-snail was detected in a subset of blastomeres during
cleavage (Fig. 6A), likely those corresponding to the blastomeres
moving away from the primary bunch of blastomeres that later on
constitute the embryonic pharynx primordium. By stage 2, expression
was only detected in the outlying blastomeres (Fig. 6E), as observed
by WMISH. Spol-foxA was only detected in one or two blastomeres
during cleavage (Fig. 6B), similar to the expression found in the em-
bryos after feeding on the yolk cells. In the stage 2 embryo, Spol-foxAwas speciﬁcally localized in the epithelial cells of the pharyngeal
duct and in the internal cells that connect the pharynx with the sac
of internalized yolk cells (Fig. 6F). Remarkably, Spol-foxA was not ex-
pressed in the outermost part of the pharyngeal duct. During cleavage,
Spol-twist was also detected (Fig. 6C), ﬁrst in a few cells, and later
in a group of cells inside the embryonic pharynx primordium (data
not shown). In the mature stage 2 embryo, it was expressed in the
muscular ring of the pharynx (Fig. 6G) and it was not detected in the
inner epithelial duct. This pattern of expression in the embryonic
pharynx was also exhibited by Spol-mhc (Fig. 6H), which was not
detected during cleavage (Fig. 6D), in agreement with the expected
late differentiation of muscle cells.
The complementary expression pattern of Spol-foxA and Spol-twist
in stage 2 embryos was demonstrated by DFISH in whole-mount
embryos. As already detected byWMISH and ISH on parafﬁn sections,
Spol-foxA was detected in the epithelial cells of the pharyngeal duct
(Fig. 6I), and complementarily, Spol-twist was expressed in the outer
muscular ring (Fig. 6J), which also expressed Spol-mhc. Notably, Spol-
foxA showed deeper expression than Spol-twist in the embryonic
pharynx (Movie S1, Supplementary data), corresponding to the
internal valve cells of the pharynx. The simultaneous detection of
both genes (Fig. 6K) demonstrated that they are expressed in differ-
ent cells and structures of the pharynx: Spol-foxA in the pharynx duct
and pharynx–temporary intestine connection, and Spol-twist in the
muscle. These data support the presence of normal molecular devel-
opmental mechanisms determining and differentiating early em-
bryonic structures, as observed in other developmental models, and
although the exact linage of each blastomere during planarian devel-
opment is far from being deﬁned, it reinforces the concept of the true
segregation of germ layers during the divergent dispersed cleavage.
Discussion
S. polychroa development and stage 2 embryonic morphology
This study investigated the molecular mechanisms determining
embryonic patterning during the development of S. polychroa, a sexual
species of freshwater triclad ﬂatworm.Metschnikoff (1883), andmore
recently Cardona et al. (2005a,b), described in great detail the embryo-
genesis of this species at the morphological level. They showed that
S. polychroa exhibits an ectolecithic mode of development charac-
terized by the loss of the ancestral spiralian cleavage and the early
formation of transient structures required to introduce the maternal
nutrients inside the embryo and continue development. Despite its
divergence from normal spiralian development, the development of
S. polychroa can be considered prototypic within triclad embryonic
development, since its basic features are also present in other studied
species, including marine, freshwater and terrestrial planarians
(Dendrocoelum lacteum, Iijima, 1884; Hallez, 1887; Fulinski, 1914;
Seilern-Aspang, 1958; Koscielski, 1964; Geoplana notocelis, Carlé,
1935; Planaria maculata (=Girardia tigrina), Bardeen, 1902; Curtis,
1902; Vara et al., 2008; Planaria torva, Mattiesen, 1904; Seilern-
Aspang, 1958; Planaria simplissima (=Cura foremanii), Stevens, 1904;
Polycelis nigra, Le Moigne, 1963; Procerodes lobata, Seilern-Aspang,
1956; Rhynchodemus terrestris, Carlé, 1935). Our observations include
a brief description of the changes of external morphology over time
and stage of development (Fig. 1) and a more detailed report on the
appearance of anatomical structures present in the transient yolk-
feeding embryo (Fig. 2).
The timing of development observed at 20 °C is consistent with
previous reports on S. polychroa (Gourbault, 1972), and with the
length of embryonic development exhibited by other species, usually
around 20 days. However, this value greatly depends on the culture
temperature and life habitat. The relationship between days and em-
bryological events obtained in our study is similar to that reported
previously for G. tigrina (Vara et al., 2008). Although different staging
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observed the complete formation of the yolk-feeding embryo about
3 days after egg capsule deposition, which represents more or less one
ﬁfth of the total development. This quick morphogenetic event con-
trasts with the development of the deﬁnitive embryo and hatching,
which are slower and show greater differences between egg capsules
of the same species at the same temperature.
Our morphological study of stage 2 embryos showed that the
transient feeding embryo has a complex organization with highly dif-
ferentiated tissues and specialized organs. The rounded completely
ciliated embryowith a pharynx on one side is strikingly reminiscent of
a Müller's or Götte's larva of polyclads, but without the feeding lobes
and an apical and an anal tuft of sensory cilia. Interestingly, similar
anatomical reductions have previously been observed in some species
of polyclad ﬂatworms that develop lecitotrophic larvae that meta-
morphose inside the egg capsule (Kato, 1940). On top of that, the
structure of the embryonic pharynx and the temporary intestine is
similar to the larval pharynx observed in polyclads (Ruppert, 1978),
being composed of an oral opening in the epidermis, a pharynx duct of
epidermal origin surrounded by a block of mesoderm differentiated
into muscle and glandular cells and the stomodeum or connection
between the pharynx duct and the endoderm. All these elements are
present and well deﬁned in the embryonic pharynx of S. polychroa,
and, as observed in this study and discussed below, are associated
with the expression of evolutionarily conserved developmental genes
that are involved in gut and muscle development.
Establishment of the axial properties during the development of
S. polychroa
Historically, difﬁculties in studying early embryos and perform-
ing experimental embryology have led to inferring deﬁnitive polarity
during planarian development by assuming a speciﬁc position of the
embryonic pharynx in the embryo, either ventral (Iijima, 1884; Hallez,
1887; Cardona et al., 2005a,b) or dorsal (Bardeen, 1902; Curtis, 1902;
Stevens, 1904), as this organ is the only discernible external character
in planarian embryos until stage 6, when the deﬁnitive pharynx and
eyes appear. Equal-cleaving spiralians specify their axial properties
early in development by inductive interactions between the animal
ﬁrst quartet micromeres and the vegetal ﬁrst quartet macromeres,
leading to any one of the latter becoming the D quadrant, or the dorsal
organizer (Henry, 2002), though the molecular nature of this pheno-
menon remains unknown. The existence of a similar inductive process
during the dispersed, but equal, cleavage of planarians is unlikely, as
there is no stereotyped cleavage pattern. In most metazoans, how-
ever, it has been demonstrated that it is the initial animal–vegetal (AV)
polarity present in the oocyte that controls the site of gastrulation and
the onset of the deﬁnitive polarity (Martindale, 2005; Martindale and
Hejnol, 2009). In freshwater triclads, in spite of their elusive syngamy
and oocytematuration, some studies have demonstrated the existence
of primordial polarity in the egg cells (Stevens, 1904; Benazzi, 1950;
Anderson and Johann, 1958), similar to the AV axis of commonzygotes.
Whether this is maintained during the disperse cleavage and marks
the position atwhich the transient embryonic structures emerge in the
syncytium has always been unclear, and requires further study.
In recent years, the molecular study of the asexual biotype of the
planarian species S. mediterranea and Dugesia japonica has provided
valuable information on the establishment and maintenance of axial
properties during adult homeostasis and regeneration. The canonical
Wnt pathway and hedgehog signaling pathway have proven to co-
ordinately deﬁne the anteroposterior identities (Gurley et al., 2008;
Petersen and Reddien, 2008; Iglesias et al., 2008; Rink et al., 2009;
Yazawa et al., 2009), while the BMP pathway is required to maintain
the dorsoventral and mid-lateral patterning (Orii and Watanabe,
2007; Molina et al., 2007; Reddien et al., 2007). Our study provides a
molecular characterization of the expression of core components ofthe canonical Wnt pathway and BMP pathway during the embryonic
development of S. polychroa (Fig. 3). Our results on the expression of
Spol-ßcatenin-1, Spol-dvl, Spol-WntP-1, Spol-sFRP, Spol-bmp and Spol-
hoxD show how the deﬁnitive axial patterning emerges during em-
bryogenesis at stage 5, but most importantly, demonstrate that this
deﬁnitive patterning is not the primary organization established dur-
ing planarian development. Only the components of the canonicalWnt
signaling pathway are signiﬁcantly expressed during stage 1 and stage
2, and the domains of expression of each gene in the yolk-feeding
embryo are barely equivalent to their respective domains at stage 7
(Fig. 7A). For instance, Spol-sFRP and Spol-WntP-1 exhibit expression
in outlying blastomeres all over the surface of the embryo at stage 2,
whereas after the uptake of the yolk their domains become restricted
to the anterior and the posterior tip of the embryo respectively, as
observed in the adults (Gurley et al., 2008; Petersen and Reddien,
2008, 2009; Adell et al., 2009). Likewise, Spol-ßcatenin-1 is primarily
localized in the embryonic pharynx of the transient stage 2 embryo
and becomes ubiquitously expressed after yolk-feeding and germ band
proliferation (Fig. S1), as in the adult (Gurley et al., 2008; Petersen and
Reddien, 2008; Iglesias et al., 2008). The change in expression and
spatial distribution of the canonical Wnt pathway occurs at stage 5,
exactly at the same point at which Spol-bmp starts to be expressed
(Fig. 4C), the mechanisms of anteroposterior regionalization are acti-
vated (as shown by Spol-hoxD), the embryo adopts a more bilateral
shape (Fig. 1), and the deﬁnitive tissues and organs are speciﬁed
(Cardona et al., 2005a). Based on this evidence, together with the
fact that the stage 2 embryo can be considered a true morphological
“entity” (i.e. it has discrete tissue types and structures with coherent
organization) (Fig. 2), the presence of two distinct morphogenetic
events during planarian embryogenesis is evident: primary patterning
that organizes a transient embryo to feed on the yolk; and secondary
patterning that promotes the development of the bilateral juvenile
ﬂatworm by means of the same mechanisms that will later be re-
deployed during regeneration and asexual reproduction. In the con-
text of axial patterning, the expression of Spol-bmp and Spol-sFRP and
the growth of the mid-ventral deﬁnitive pharynx anlage just beneath
the degenerating embryonic pharynx demonstrate that this latter
organ adopts a dorso-posterior position at stage 5, exactly as proposed
by Bardeen in 1902. However, we cannot be certain that this axial
identity already exists in the embryo at stage 2.
Expression of canonical Wnt pathway components in the stage 2 embryo
The Wnt/ßcatenin pathway has been shown to play diverse roles
during early metazoan development mainly associated with the
establishment of primary regions of differential gene expression in
the embryo (Schneider et al., 1996; Logan et al., 1999; Wikrama-
nayake et al., 2003; Lee et al., 2007). In spiralians, the role of canoni-
cal Wnt signaling during early development has been studied in
detailed in the polychaete annelid Platynereis dumerilii (Schneider
and Bowerman, 2007) and in the nemertean Cerebratulus lacteus
(Henry et al., 2008). In P. dumerilii, ßcatenin is involved in establish-
ing sister-cell-fate asymmetries along the animal–vegetal axis. In
C. lacteus, ßcatenin is restricted to the vegetal-most cells and is re-
quired for proper endoderm development, which seems to be its
ancient role in metazoan embryos (Martindale and Hejnol, 2009). In
the nemertean, as in polyclad ﬂatworms (Thomas, 1986), the animal–
vegetal axis corresponds to the anterior–posterior axis of the larvae,
so the endoderm is speciﬁed in posterior fates. Our data on the ex-
pression of Spol-ßcatenin-1 during early planarian development
(Fig. 5) suggest a possible role of this gene in specifying endoderm
derivatives, as it becomes restricted to the embryonic pharynx and the
transient gut of the lecitotrophic embryo. This putative role is sup-
ported by the posterior position that the embryonic pharynx adopts at
stage 5 (dorso-posterior, as discussed above) and the already known
function of this gene in promoting posterior fates in adult planarians
Fig. 4. Expression of core components of the canonical Wnt pathway during early planarian development. (A–H) ISH on parafﬁn sections of Spol-ßcatenin-1, Spol-dvl, Spol-WntP-1
and Spol-sFRP at stage 1 and stage 2. Dashed lines encircle the yolk syncytiumwhere blastomeres cleave in stage 1 panels, and the embryo and the ingested yolk in stage 2. In A, B and
D black arrowheads point to positive cleaving blastomeres, whereas the black arrows in C and D indicate blastomeres that did not express the corresponding gene. In F–H,
arrowheads point to outlying blastomeres expressing Spol-dishevelled, Spol-WntP-1 or Spol-sFRP, respectively. ep, embryonic pharynx. iy, ingested yolk. ti, temporary intestine.
ys, yolk syncytium. Scale bars, 100 µm.
Fig. 5. Expression of germ layer-associated genes during planarian development. (A–L) WMISH of Spol-foxA, Spol-snail, Spol-twist and Spol-myosin heavy chain (mhc) in the yolk-
feeding embryo (stage 2), at mid-development after yolk ingestion (stage 5) and just before hatching (stage 7). On the right, diagrams representing the changes in the expression of
each gene during development. Drawings are not to scale. In all the panels of stage 7, anterior to the left. In all the panels of stage 2 and E, the dashed line encircles the embryonic
pharynx. In E and F, arrowheads indicate the scattered clusters of Spol-snail positive cells localized in the germ band and parenchyma, respectively. In H and I, arrowheads highlight
the isolated Spol-twist positive cells situated far from the deﬁnitive pharynx. dp, deﬁnitive pharynx. dpp, deﬁnitive pharynx primordium. e, eyes. ep, embryonic pharynx. ob, outlying
blastomeres. Scale bars, 250 µm.
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In a broader context, the expression of Spol-ßcatenin-1 and the other
components of the canonical Wnt pathway suggests that the diver-
gent cleavage and subsequent appearance of the yolk-feeding embryo
are tightly controlled by commondevelopmentalmechanisms, instead
of an anarchic or chaotic self-assembly.
Segregation of germ layer-speciﬁc fates during the development of
S. polychroa
Among spiralians, the expression of the transcription factor snail
has been studied in the leech annelid Helobdella robusta (Goldstein
et al., 2001), the polychaete annelids Capitella sp. I (Dill et al., 2007)
and P. dumerilii (Kerner et al., 2009), and the gastropod mollusk
Patella vulgata (Lespinet et al., 2002). All the studied species contain
two subfunctionalized copies of snail, which also seems to be the
case in planarians, according to gene predictions over the S. medi-
terranea genome. In H. robusta, one of the snail proteins is detected
in multiple lineages before gastrulation, including precursors of ecto-
derm and mesoderm, and in a subset of mesoderm cells during seg-
mentation (Goldstein et al., 2001). In Capitella sp. I and P. dumerilii,
snail genes are expressed in multiple tissue layers during cleavage
and blastopore closure. In addition, they are involved in neural pre-
cursor cell ingression and mesodermal patterning (Dill et al., 2007;
Kerner et al., 2009). Finally, in P. vulgata, snail genes are almost exclu-
sively expressed in ectodermal cells and are involved in the devel-
opment of the apical tuft (Lespinet et al., 2002). Thus, it has been
proposed that the ancestral role of snail proteins during metazoanFig. 6. Expression of Spol-snail, Spol-foxA, Spol-twist and Spol-mhc during early stages of dev
Spol-twist and Spol-myosin heavy chain (Spol-mhc). In A–C, black arrowheads indicate positive
E, arrowheads indicate outlying blastomeres. In F, Spol-foxA is localized in the inner epitheli
(arrowheads), but it is absent from the muscular pharynx (arrows). On the contrary, Spol-tw
the duct (arrows). Similarly, Spol-mhc is expressed in themuscular pharynx (arrowheads). (I
with antisense probes against Spol-foxA and Spol-twist. (L) Diagram depicting the speciﬁc l
stage 2. iy, ingested yolk. ys, yolk syncytium. Scale bars, A and F–K 25 µm; B–E 100 µm.development is the regulation of cell motility, especially during gas-
trulation and the internalization of neural precursors during neuro-
genesis (Dill et al., 2007). The present study reports the early
expression of Spol-snail in the outlying blastomeres moving in the
syncytium and germ band (Figs. 6 and 7), which is consistent with
an ancient function in controlling cell movements. In this context,
the late expression of Spol-snail in the deﬁnitive pharynx can be
explained by the high rate of migration observed in this organ, since
the absence of stem cells, or neoblasts, requires the continuous move-
ment of differentiating cells from the base of the organ to the most
distant areas (Cebrià et al., 1999). Similarly, diffuse expression of Spol-
snail in the parenchyma can be attributed to the loose organization of
cells, and the presence of multiple precursors intercalating in adjacent
tissues (epidermis renewal, rhabdite cells,…). Efforts should be made,
however, to identify and characterize the expression of the other
putative snail gene predicted in S. mediterranea.
The function of foxA in spiralians has been studied in the mollusk
P. vulgata (Lartillot et al., 2002), in the polychaete annelids Capitella
sp. I (Boyle and Seaver, 2008) and Hydroides elegans (Arenas-Mena,
2006), and during regeneration and homeostasis of the freshwater
planarian D. japonica (Koinuma et al., 2000). In P. vulgata, foxA is ex-
pressed throughout the endoderm and in the foregut mesoderm and
mouth ectoderm (Lartillot et al., 2002), whereas in the polychaete
annelids, foxA is widely expressed throughout the foregut (pharynx
and esophagus, ectodermally derived, but absent from the bucal cavity)
and hindgut (Arenas-Mena, 2006; Boyle and Seaver, 2008), suggesting
a role in gastrulation and digestive tract subdivision. In D. japonica,
foxA was detected in a domain surrounding the adult pharynx andelopment. (A–H) ISH on parafﬁn sections at stage 1 and stage 2 of Spol-snail, Spol-foxA,
blastomeres for the corresponding gene. In A and C–D, arrows point to negative cells. In
um of the pharynx duct and cells connecting the pharynx with the temporary intestine
ist is present in the muscular pharynx (arrowheads), but absent from the epithelium of
–K) z-projection of confocal stacks of an embryonic pharynx from awhole-mount DFISH
ocalization of Spol-foxA (red) and Spol-twist (green) in the embryonic pharynx during
Fig. 7. Comparison of the expression patterns of axial- and germ layer-associated genes between stage 2 and stage 7. (A–B) Diagram depicting the change in the expression domains
of the genes analyzed in this study from the transient yolk-feeding organization shown by the stage 2 embryo to the deﬁnitive patterning exhibited by the stage 7 embryo and the
adult. A shows axial-speciﬁc genes, namely Spol-ßcatenin-1, in green, Spol-dvl, in red, Spol-WntP-1, in blue, Spol-sFRP, in yellow, Spol-hoxD, in orange, and Spol-bmp, in pink. B shows
the germ layer-associated genes Spol-snail, in light yellow, Spol-foxA, in magenta, Spol-twist in green, and Spol-mhc, in brown. The stage 2 embryos are represented as a spherical
mass of syncytial yolk limited by an epidermis, with the embryonic pharynx, the temporary intestine ﬁlled with some yolk cells and some outlying blastomeres. Based on the results
of this study, no clear axial properties can be deﬁned at this stage. The stage 7 embryos are depicted as a small juvenile, with bilateral symmetry, a left–right axis, and the typical
organs of a planarian, the eyes and the pharynx. Drawings are not to scale.
156 J.M. Martín-Durán et al. / Developmental Biology 340 (2010) 145–158probably the pharynx itself (Koinuma et al., 2000). In general, it is
accepted that this gene is part of an ancient conserved network in-
volved in maintaining and/or promoting region-speciﬁc gut tissue.
FoxA is expressed during the early development of S. polychroa in the
epithelial duct of the embryonic pharynx and the stomodeum (Figs. 6
and 7), represented by the cells connecting the pharynx to the tem-
porary intestine. It is absent from themost distal part of the embryonic
pharynx, or oral opening. In adult planarians, the most distal epi-
thelium of the pharynx and the epithelium of the oral cavity and
mouth have been shown to present different histological properties
to the epithelium in the innermost pharynx duct, which is similar to
the gut (Kobayashi et al., 1999). The early expression pattern of Spol-
foxA is, furthermore, strikingly similar to the one described in poly-
chaete annelids, and supports the notion that the embryonic pharynx
is a differentiated transient foregut. The expression found in the de-
ﬁnitive embryo differs from the early one in that the domain extends
towards the part of the gut more proximal to the pharynx. This ex-
pression pattern indicates that the deﬁnitive planarian gut might still
be subdivided into different parts, as in most Bilaterians (Ruppert and
Barnes, 1994), despite the deep secondary modiﬁcations that have
led to the loss of the anus (Boyer et al., 1998) and the displacement
of the pharynx from an anterior position to a mid-ventral position.
Accordingly, the hindgut domain of foxA that is found in other spiral-
ians has been lost in planarians, and probably also in other Platyhel-
minthes. More work is needed, however, to demonstrate the presence
of amidgut and the distribution of other gut-speciﬁcmarkers through-
out the digestive tract of planarians.
Finally, the expression of the bHLH transcription factor twist
in spiralians has been studied in the gastropod mollusk P. vulgata
(Nederbragt et al., 2002), in the leech annelid H. robusta (Soto et al.,1997) and in the polychaete annelid Capitella sp. I (Dill et al., 2007).
These studies have indicated an evolutionarily conserved role of this
gene in regulating mesoderm differentiation, and especially myogen-
esis. Our study demonstrated the expression of Spol-twist during the
development of the embryonic pharynx. Speciﬁcally, we localized this
gene in the muscular band that surrounds the duct and is responsible
for the contractile movements required for yolk ingestion (Figs. 6
and 7), and which also expresses Spol-myosin heavy chain and is
stained by phalloidin. Thus, the early expression observed in our work
is consistent with and supports the ancestral role of twist in spiralians.
In the deﬁnitive embryo, Spol-twist is expressed in the pharynx and in
scattered cells around the pharyngeal cavity and in the parenchyma.
Although the association between Spol-twist andmuscle is less evident
at this stage, its function can still be related to myogenesis, since there
is a continuous replacement of myocytes both in the parenchyma and
especially in the deﬁnitive pharynx (Cebrià et al., 1999).
Together, the expression and distribution domains of germ layer-
associated genes strengthen the concept of the presence of two
separate morphogenetic events during planarian development
(Fig. 7B) and demonstrate that the genes seem to play equivalent
roles in both stages: cell migration (snail), gut regionalization (foxA)
andmesoderm differentiation-myogenesis (twist). Furthermore, their
expression during early development sheds light on the formation
of the yolk-feeding embryo. The anatomy of the stage 2 embryo indi-
cates that well deﬁned tissues belonging to the ectoderm (primary
epidermis), mesoderm (pharyngeal muscle) and endoderm (tempo-
rary intestine) are present at this time. This study reveals that the
development of these tissues is associated with evolutionarily con-
served mechanisms that are involved in determining and differenti-
ating the germ layers in other metazoans. The evolution of ectolecithy
157J.M. Martín-Durán et al. / Developmental Biology 340 (2010) 145–158and an alternative developmental mechanism to take the nutrients
into the embryomight havemeant that the samemechanisms of germ
layer speciﬁcation and differentiation observed in spiralians and other
metazoans were deployed differently in time and space, as observed
among arthropods in the speciﬁcation of the mesoderm (Price and
Patel, 2008). Thus, our results suggest that the highly derived segre-
gation of germ layers (i.e. gastrulation) associated with the formation
of the transient feeding embryo takes place during the ﬁrst stages of
planarian development.
Embryogenesis and regeneration
Although much work has been done on the regenerative mech-
anisms of adult planarians, it has been difﬁcult to relate these to
embryonic development, due to the difﬁculty in studying embryos
and the lack of molecular approaches to embryogenesis. The present
study demonstrates for the ﬁrst time the onset of the expression
patterns and molecular mechanisms displayed in the adult planarian
during embryonic development. However, we show that these are
established at stage 5, after a yolk-feeding embryo with its own body
plan has been organized. How are both events connected? Remark-
ably, a group of cells, herein called outlying blastomeres, are set apart
during the formation of the yolk-feeding embryo. These cells that do
not take part in any structure of the transient embryo and express
stem cell markers, like vasa or tudor (Solana and Romero, 2009; Solana
et al., 2009), are found in the germ band after the ingestion of the
yolk, and through high proliferative activity become the progenitor
cells of all the tissues and organs of the deﬁnitive embryo, including
the adult totipotent stem cells, or neoblasts. LeMoigne (1966) showed
that cells with a morphology typical of a neoblast and with regen-
eration capabilities appear at stage 5 of the embryo. This observation
is in accordance with our observations on the onset of the deﬁni-
tive pattern, the acquisition of bilateral symmetry and the loss of the
transient structures. It is thus appealing to suggest that the extreme
regenerative capabilities displayed by triclads are based on the pre-
servation in the adult of the genetic systems and the totipotent cells
that are required to metamorphose the yolk-feeding embryo into a
deﬁnitive planarian.
Acknowledgments
We thank M. Iglesias, M.D. Molina, F. Cebrià, I. Maeso, S. D'Aniello,
J. Correas and Y. Cheng for the helpful discussion and support, and
the anonymous reviewers whose constructive comments greatly im-
proved this manuscript. J.M.M.-D. specially thanks T. López-Hernán-
dez, F. Monjo, M. Vila-Farré and A. Cardona for their support and
valuable comments. J.M.M.-D. is an FPU fellow from the MEC, Spain.
This work was supported by MEC BFU-2007-63209, Spain, to R.R.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2010.01.018.
References
Adell, T., Salò, E., Boutros, M., Bartscherer, K., 2009. Smed-Evi/Wntless is required for
ß-catenin-dependent and -independent processes during planarian regeneration.
Development 136, 905–910.
Anderson, J.M., Johann, J.C., 1958. Some aspects of reproductive biology in the fresh-
water triclad turbellarian, Cura foremanii. Biol. Bull. 115, 375–383.
Arenas-Mena, C., 2006. Embryonic expression of HeFoxA1 and HeFoxA2 in an indirectly
developing polychaete. Dev. Genes Evol. 216, 727–736.
Baguñà, J., Boyer, B.C., 1990. Descriptive and experimental embryology of the Turbel-
laria: present knowledge, open questions and future trends. In: Marthy, H.-J. (Ed.),
Experimental Embryology in Aquatic Plants and Animals. Plenum Press, New York,
pp. 95–128.
Bardeen, C.R., 1902. Embryonic and regenerative development in planarians. Biol. Bull.
3, 262–288.Benazzi, M., 1950. Ginogenesi in tricladi di acqua dolce. Chromosoma 3, 474–482.
Bolker, J.A., 1995. Model systems in developmental biology. BioEssays 17, 451–455.
Boyer, B.C., Henry, J.J., Martindale, M.Q., 1998. The cell lineage of a polyclad turbellarian
embryo reveals close similarity to coelomate spiralians. Dev. Biol. 204, 111–123.
Boyle, M.J., Seaver, E.C., 2008. Developmental expression of foxA and gata genes during
gut formation in the polychaete annelid, Capitella sp. I. Evol. Dev. 10, 89–105.
Bustin, S.A., 2000. Absolute quantiﬁcation of mRNA using real-time reverse transcrip-
tion polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169–193.
Bustin, S.A., 2002. Quantiﬁcation of mRNA using real-time reverse transcription PCR
(RT-PCR): trends and problems. J. Mol. Endocrinol. 29, 23–39.
Cardona, A., Hartenstein, V., Romero, R., 2005a. The embryonic development of the triclad
Schmidtea polychroa. Dev. Genes Evol. 215, 109–131.
Cardona, A., Fernández-Rodríguez, J., Solana, J., Romero, R., 2005b. An in situ hybridi-
zation protocol for planarian embryos: monitoring myosin heavy chain gene ex-
pression. Dev. Genes Evol. 215, 482–488.
Cardona, A., Hartenstein, V., Romero, R., 2006. Early embryogenesis of planaria: a cryptic
larva feeding on maternal resources. Dev. Genes Evol. 216, 667–681.
Carlé, R., 1935. Beiträge zur embryologie der landplanarien. I. Frühentwicklung, bau
und junktion des embryonalpharynx. Zoomorphology 29, 527–558.
Cebrià, F., Bueno, D., Reigada, S., Romero, R., 1999. Intercalary muscle cell renewal in
planarian pharynx. Dev. Genes Evol. 209, 249–253.
Curtis, W.C., 1902. The life history, the normal ﬁssion, and the reproductive organs of
Planaria maculata. Proc. Boston Soc. Nat. Hist. 30, 515–559.
Dill, K.K., Thamm, K., Seaver, E.C., 2007. Characterization of twist and snail gene ex-
pression during mesoderm and nervous system development in the polychaete
annelid Capitella sp. I. Dev. Genes Evol. 217, 435–447.
Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792–1797.
Forsthoefel, D.J., Newmark, P.A., 2009. Emerging patterns in planarian regeneration.
Curr. Opin. Genet. Dev. 19, 412–420.
Fulinski, B., 1914. Die Entwicklungsgeschichte von Dendrocoelum lacteum. I. Die erste
Entwicklungsphase vom Ei bis zur Embryonalpharynxbildung. Bull. Int. Acad.
Cracovie, Cl. des Sci. Math. Nat., Ser. B. 8/9, 145–190.
Fulinski, B., 1938. Zur embryonalpharynxfrage der tricladen. Zool. Polon. 2, 185–207.
Galleni, L., Gremigni, V., 1989. In: Adiyodi, K.G., Adiyodi, R.G. (Eds.), Platyhelminthes-
Turbellaria: Reproductive Biology of Invertebrates, vol. 4, pp. 63–89.
Giribet, G., 2002. Current advances in the phylogenetic reconstruction of metazoan
evolution. A new paradigm for the Cambrian explosion? Mol. Phylogenet. Evol. 24,
345–357.
Goldstein, B., Leviten, M.W., Weisblat, D.A., 2001. Dorsal and Snail homologs in leech
development. Dev. Genes Evol. 211, 329–337.
Gourbault, N., 1972. Recherches sur les Triclades Paludicoles hypogés. Mém. Mus. Nat.
Hist. Nat. Paris, Ser. A 73, 1–249.
Gurley, K.A., Rink, J.C., Sánchez Alvarado, A., 2008. ß-catenin deﬁnes head versus tail
identity during planarian regeneration and homeostasis. Science 319, 323–327.
Hallez, P., 1887. Embryogénie des Dendrocoeles d'eau douce. In: Dion, O. (Ed.), Paris.
Henry, J.J., 2002. Conserved mechanisms of dorsoventral axis determination in equal-
cleaving spiralians. Dev. Biol. 248, 343–355.
Henry, J.Q., Perry, K.J., Wever, J., Seaver, E., Martindale, M.Q., 2008. Beta-catenin
is required for the establishment of vegetal embryonic fates in the nemertean,
Cerebratulus lacteus. Dev. Biol. 317, 368–379.
Iglesias, M., Gómez-Skarmeta, J.L., Saló, E., Adell, T., 2008. Silencing of Smed-ßcatenin1
generates radial-like hypercephalized planarians. Development 135, 1215–1221.
Iijima, I., 1884. Untersuchungen über den bau und die entwicklungsgeschichte der
süsswasser-Dendrocoelen (Tricladen). Zeitschr. f. wiss. Zoologie. 40, 359–464.
Jenner, R.A., Wills, M.A., 2007. The choice of model organisms in evo-devo. Nat. Rev.
Genet. 8, 311–319.
Kato, K., 1940. On the development of some Japanese polyclads. Jap. J. Zool. 8, 537–574.
Kerner, P., Hung, J., Behague, J., Le Gouar, M., Balavoine, G., Vervoort, M., 2009. Insights
into the evolution of the snail superfamily from metazoan wide molecular phylo-
genies and expression data in annelids. BMC Evol. Biol. 9, 94.
Kobayashi, C., Watanabe, K., Agata, K., 1999. The process of pharynx regeneration in
planarians. Dev. Biol. 211, 27–38.
Koinuma, S., Umesono, Y., Watanabe, K., Agata, K., 2000. Planarian FoxA (HNF3) homo-
logue is speciﬁcally expressed in the pharynx-forming cells. Gene 259, 171–176.
Koscielski, B., 1964. Polyembryony in Dendrocoelum lacteum O. F. Müller. J. Embryol.
Exp. Morph. 12, 633–636.
Lartillot, N., Le Gouar, M., Adoutte, A., 2002. Expression patterns of fork head and goo-
secoid homologues in the mollusk Patella vulgata supports the ancestry of the
anterior mesendoderm across Bilateria. Dev. Genes Evol. 212, 551–561.
LeMoigne,A., 1963. Etudedudéveloppement embryonnairedePolycelis nigra (Turbellarié,
Tricladide). Bull. Soc. Zool. Fr. 88, 403–422.
Le Moigne, A., 1966. Etude du développement embryonnaire et recherches sur les
cellules de régénération chez l'embryon de la Planaire Polycelis nigra (Turbellarié,
Triclade). J. Embryol. Exp. Morph. 15, 39–60.
Lee, P., Kumburegama, S., Marlow, H., Martindale, M., Wikramanayake, A., 2007.
Asymmetric developmental potential along the animal–vegetal axis in the
anthozoan cnidarian, Nematostella vectensis, is mediated by Dishevelled. Dev.
Biol. 310, 169–186.
Lespinet, O., Nederbragt, A.J., Cassan, M., Dictus, W.J.A.G., van Loon, A.E., Adoutte, A.,
2002. Characterization of two snail genes in the gastropod mollusc Patella vulgata.
Implications for understanding the ancestral function of the snail-related genes in
Bilateria. Dev. Genes Evol. 212, 186–195.
Logan, C.Y., Miller, J.R., Ferkowicz, M.J., McClay, D.R., 1999. Nuclear ß-catenin is
required to specify vegetal cell fates in the sea urchin embryo. Development 126,
345–357.
158 J.M. Martín-Durán et al. / Developmental Biology 340 (2010) 145–158Martindale, M., 2005. The evolution of metazoan axial properties. Nat. Rev. Genet. 6,
917–927.
Martindale,M.Q., Hejnol, A., 2009. A developmental perspective: changes in the position
of the blastopore during bilaterian evolution. Dev. Cell 17, 162–174.
Martín-Durán, J.M., Duocastella, M., Serra, P., Romero, R., 2008. New method to deliver
exogenousmaterial into developing planarian embryos. J. Exp. Zool. (Mol. Dev. Evol.)
310B, 668–681.
Mattiesen, E., 1904. Ein beitrag zur embryologie der süsswasserdendrocoelen. Z. Wiss.
Zool. 77, 274–361.
Metschnikoff, E., 1883. Die embryologie von Planaria polychroa. Z.Wiss. Zool. 38, 331–354.
Molina, M.D., Saló, E., Cebrià, F., 2007. The BMP pathway is essential for re-speciﬁcation
and maintenance of the dorsoventral axis in regenerating and intact planarians.
Dev. Biol. 311, 79–94.
Nederbragt, A.J., Lespinet, O., van Wageningen, S., Van Loon, A.E., Adoutte, A., Dictus,
W.J.A.G., 2002. A lophotrochozoan twist gene is expressed in the ectomesoderm of
the gastropod mollusk Patella vulgata. Evol. Dev. 4, 334–343.
Orii, H., Watanabe, K., 2007. Bone morphogenetic protein is required for dorso-ventral
patterning in the planarian Dugesia japonica. Dev. Growth Differ. 49, 345–349.
Orii, H., Kato, K., Agata, K., Watanabe, K., 1998. Molecular cloning of bone morpho-
genetic protein (BMP) gene from the planarian Dugesia japonica. Zool. Sci. 15,
871–877.
Petersen, C.P., Reddien, P.W., 2008. Smed-ßcatenin-1 is required for anteroposterior
blastema polarity in planarian regeneration. Science 319, 327–330.
Petersen, C.P., Reddien, P.W., 2009. Awound-inducedWnt expression program controls
planarian regeneration polarity. Proc. Natl. Acad. Sci. U.S.A. 106, 17061–17066.
Price, A.L., Patel, N.H., 2008. Investigating divergent mechanisms of mesoderm develop-
ment in arthropods: the expression of Ph-twist and Ph-mef2 in Parhyale hawaiensis.
J. Exp. Zool. B Mol. Dev. Evol. 310, 24–40.
Reddien, P.W., Bermange, A.L., Kicza, A.M., Sánchez Alvarado, A., 2007. BMP signal
regulates the dorsal planarian midline and is needed for asymmetric regeneration.
Development 134, 4043–4051.
Reddien, P.W., Newmark, P.A., Sánchez Alvarado, A., 2008. Gene nomenclature guide-
lines for the Planarian Schmidtea mediterranea. Dev. Dyn. 237, 3099–3101.
Rink, J., Gurley, K., Elliott, S., Sánchez Alvarado, A., 2009. Planarian Hh signaling
regulates regeneration polarity and links Hh pathway evolution to cilia. Science
326, 1406–1410.
Robb, S.M.C., Ross, E., Sánchez Alvarado, A., 2008. SmedGD: the Schmidtea mediterranea
genome database. Nucleic Acids Res. 36, 599–606.
Ruppert, E.E., 1978. A review of metamorphosis of turbellarian larvae. In: Chia, F.-S.,
Rice, M.E. (Eds.), Settlement and Metamorphosis of Marine Invertebrate Larvae.
Elsevier, New York, pp. 65–81.Ruppert, E.E., Barnes, R.D. (Eds.), 1994. Invertebrate Zoology. Brooks/Cole, Toronto.
Saló, E., Abril, J., Adell, T., Cebrià, F., Eckelt, K., Fernández-Taboada, E., Handberg-Thorsager,
M., Iglesias, M., Molina, M.D., Rodríguez-Esteban, G., 2009. Planarian regeneration:
achievements and future directions after 20 years of research. Int. J. Dev. Biol. 53,
1317–1327.
Schneider, S.Q., Bowerman, B., 2007. ß-Catenin asymmetries after all animal/vegetal-
oriented cell divisions in Platynereis dumerilii embryos mediate binary cell-fate
speciﬁcation. Dev. Cell 13, 73–86.
Schneider, S., Steinbeisser, H., Warga, R.M., Hausen, P., 1996. ß-catenin translocation
into nuclei demarcates the dorsalizing centers in frog and ﬁsh embryos. Mech. Dev.
57, 191–198.
Seilern-Aspang, F., 1956. Frühentwicklung einer mariner Triclade (Procerodes lobata O.
Schmidt). Wilhelm Roux' Arch. Entwickl. Mech. Org. 148, 589–595.
Seilern-Aspang, F., 1958. Entwicklungsgeschichtliche studien an paludicolen tricladen.
Roux' Archiv. Entwicklungsmech. 150, 425–480.
Sluys, R., 1989. A Monograph of the Marine Triclads. A. A. Balkema, Rotterdam & Brook-
ﬁeld, Rotterdam. XII+463.
Solana, J., Romero, R., 2009. SpolvlgA is a DDX3/PL10-related DEAD-box RNA helicase
expressed in blastomeres and embryonic cells in planarian embryonic development.
Int. J. Biol. Sci. 5, 64–73.
Solana, J., Lasko, P., Romero, R., 2009. Spoltud-1 is a chromatoid body component required
for planarian long-term stem cell self-renewal. Dev. Biol. 328, 410–421.
Soto, J.G., Nelson, B.H., Weisblat, D.A., 1997. A leech homolog of twist: evidence for its
inheritance as a maternal mRNA. Gene 199, 31–37.
Stevens, N.M., 1904. On the germ cells and the embryology of Planaria simplicissima.
Proc. Acad. Natl. Sci. Philadelphia 56, 208–220.
Technau, U., Scholz, C.B., 2003. Origin and evolution of endoderm and mesoderm. Int. J.
Dev. Biol. 47, 531–539.
Thomas, M.B., 1986. Embryology of the Turbellaria and its phylogenetic signiﬁcance.
Hydrobiologia 132, 105–115.
Vara, D.C., Leal-Zanchet, A.M., Lizardo-Daudt, H.M., 2008. Embryonic development
of Girardia tigrina (Girard, 1850) (Platyhelminthes, Tricladida, Paludicola). Braz. J.
Biol. 68, 889–895.
Wikramanayake, A., Hong, M., Lee, P.N., Pang, K., Byrum, C.A., Bince, J.M., Xu, R.,
Martindale, M., 2003. An ancient role for nuclear ß-catenin in the evolution of axial
polarity and germ layer segregation. Nature 426, 446–450.
Yazawa, S., Umesono, Y., Hayashi, T., Tarui, H., Agata, K., 2009. Planarian Hedgehog/
Patched establishes anterior–posterior polarity by regulating Wnt signaling. Proc.
Natl. Acad. Sci. U.S.A. 106, 22329–22334.
Yeh, R.-F., Lim, L.P., Burge, C.B., 2001. Computational inference of homologous gene
structures in the human genome. Genome Res. 11, 803–816.
